Abstract The effects of surface treatment on the bonebonding properties of Ti metal were examined by both mechanical detaching test and histological observation after implantation into rabbit tibiae for various periods ranging from 4 to 26 weeks. The bone-bonding ability of Ti metal, which is extremely low as it is abraded, was hardly increased by simple heat treatment at 600°C or treatment with H 2 SO 4 /HCl mixed acid alone, but was markedly increased by the heat treatment after the acid treatment. Even Ti metal that had been previously subjected to NaOH treatment showed considerably high bonebonding ability after acid and heat treatments. Such high bonding abilities were attributed to their high apatiteforming ability in the body environment. Their high apatite-forming abilities were attributed to a high positive surface charge, and not to the type of crystalline phase or specific roughness of their surfaces. The present study has demonstrated that acid and subsequent heat treatments are effective for conferring stable fixation properties on Ti metal implants.
Introduction
Metallic materials, such as Ti metal and its alloys, are widely used for various implants in the orthopedic and dental fields because of their high fracture toughness and good biocompatibility. However, they do not bond to living bone. When implanted into a bone defect, polished or abraded Ti metal subjected to no additional treatment becomes encapsulated by fibrous tissue, and thus becomes isolated from the surrounding bone, [1, 2] . To address this problem, the metal is often coated with bioactive ceramics to provide bone-bonding ability. One of the most accepted and commercialized bioactive coating materials is plasmasprayed hydroxyapatite (HA) [3] [4] [5] [6] . However, although many good clinical results have been reported, a number of problems related to its low fatigue strength, degradation and delamination during long-term implantation have become apparent. HA particles, when generated near an artificial joint surface, cause third-body wear leading to excessive polyethylene wear and osteolysis [7, 8] . For these reasons, HA-coated implants need to be continuously monitored by radiography.
On the other hand, it has been reported that Ti metal bonds to living bone if subjected to NaOH and heat treatments to form sodium titanate on its surface, since it forms an apatite layer on its surface in the living body [9] [10] [11] [12] . These treatments have been applied to the porous Ti metal layer on a total hip joint, and this joint has been used clinically in Japan since 2007 [13] .
Apatite formation on NaOH-and heat-treated Ti metal in vivo has been reproduced even in simulated body fluid (SBF) with ion concentrations almost equal to those in human blood plasma [14, 15] . Recently, it was shown that Ti metal subjected to H 2 SO 4 /HCl mixed acid and subsequent heat treatments also formed apatite on its surface in SBF [16] , and that even Ti metal previously subjected to NaOH treatment formed apatite on its surface in SBF after subsequent acid and heat treatments, irrespective of the type of acid solution employed [17] . These findings indicate that Ti metal subjected to acid and heat treatments can also bond tightly to living bone. With regard to the response of tissues to these Ti metals, only preliminary results of animal experiments using Ti metal subjected to the mixed-acid and heat treatments have been briefly reported [16] .
In the present study, we examined the bone-bonding properties of Ti metal subjected to different acid and heat treatments using mechanical detaching test and histological observation after implantation into rabbit tibiae for various period of time ranging from 4 to 26 weeks, in comparison with those of Ti metals that had been simply abraded, heattreated or acid-treated. The bone-bonding properties were discussed in terms of apatite-forming ability in SBF, which in turn were discussed in terms of their surface structures and properties.
It is believed that studies of this type are useful for expanding the range of available bone-bonding metals, and also for gaining a fundamental understanding of the factors governing the bone-bonding properties of Ti metal.
Materials and methods

Preparation of Ti metal samples
Six kinds of Ti metal samples were used: abraded titanium plates (Ab), plates that had been abraded and heat-treated (AbH), plates that had been treated with mixed acid (MA), plates that had been treated with the same mixed acid and then heat-treated (MAH), plates that had been initially treated with NaOH, then immersed in 0.5 mM HCl, and finally heat-treated (0.5HCl-H), and plates that had been initially treated with NaOH, then immersed in 50 mM HCl, and finally heat-treated (50HCl-H).
The technical details have been described previously [16, 18] . Commercial pure Ti metal (Kobe Steel, Japan, grade 2, O 2 content 0.15 wt %) was cut into rectangular samples (various sizes as needed for each of the experimental conditions), and abraded with a no. 400 diamond abrasive plate. All the abraded samples were washed with acetone, 2-propanol and ultrapure water for 30 min each in an ultrasonic cleaner, and then dried overnight in an oven at 40°C. The plates in group Ab were produced by abrasion alone. In group AbH, the abraded plates were heated to a temperature of 600°C at a rate of 5°C min -1 in an Fe-Cr furnace in air (heat treatment). The plates were kept at this temperature for 1 h, and then allowed to cool to room temperature at the natural rate of the furnace. In group MA, abraded plates were soaked in 20 ml of a mixture of 66.3 % H 2 SO 4 (w/w) solution (Kanto Chemical Co., Inc., Japan) and 10.6 % HCl (w/w) solution (Kanto Chemical Co., Inc.) in a weight ratio of 1:1 at 70°C for 1 h in an oil bath shaken at 120 strokes min -1 , then gently washed with ultrapure water and dried overnight in an oven at 40°C. In group MAH, the abraded plates were acidtreated using the same method as that for group MA, and then heated at 600°C in the same way as that for group AbH.
For group 0.5HCl-H, the abraded titanium plates (the same as those used for group Ab) were immersed in 5 ml of aqueous 5 M NaOH solution at 60°C for 24 h (alkali treatment), then in 0.5 mM HCl (pH 3.5) at 40°C for 24 h, dried at room temperature for 24 h, and then heat-treated at 600°C. For group 50HCl-H, 50 mM HCl (pH 1.5) was used instead of 0.5 mM HCl.
Surface analysis of Ti metal samples
The morphologies of the surfaces and cross-sections of the Ti metal samples subjected to various treatments were observed using a field-emission scanning electron microscope (SEM) (S-4700, Hitachi Ltd., Japan) at an acceleration voltage of 15 kV. The crystalline phases of the surfaces of the Ti metal samples subjected to various treatments were analyzed by thin-film X-ray diffraction (TF-XRD; RINT-2500, Rigaku Co., Japan).
Zeta potential measurements of Ti metal samples
Titanium metal plates (size: 13 9 33 9 1 mm 3 ) were prepared using the same method as that described in Sect. 2.1. One side of each treated Ti metal sample was earthed to allow for leakage of any stray charge, and then the sample was immediately set in a zeta potential and particle size analyzer (model ELS-Z1, Otsuka Electronics Co., Japan) using a glass cell. The zeta potential of the sample was measured under an applied voltage of 40 V in 10 mM NaCl solution. The dispersant monitoring particles of polystyrene latex (size: 500 nm) were coated with hydroxypropyl cellulose. Five samples were measured for each experimental condition, and the average value (±standard deviation: SD) was used. The implants (size: 15 9 10 9 2 mm 3 ) were conventionally sterilized with ethylene oxide gas and implanted into the tibial metaphyses of mature male Japanese white rabbits weighing 2.8-3.2 kg. The surgical methods used have been described previously [19] [20] [21] [22] [23] . The rabbits were anesthetized with an intravenous injection of pentobarbital sodium (0.5 ml/kg) and local administration of a solution of 0.5 % lidocaine. After shaving, disinfection, and draping, a straight 3-cm skin incision was made over the medial side of the knee, and the fascia and periosteum were incised and retracted to expose the tibial cortex. Using a dental bur, a 16 9 2-mm 2 hole was created from the medial to the lateral cortex parallel to the longitudinal axis of the tibial metaphysis. After irrigation of the hole with saline, the titanium plates were implanted in a frontal direction, perforating the tibia and protruding from the medial to the lateral cortex (Fig. 1a) . The fascia and skin were finally closed in layers. The surgical procedures were performed bilaterally. One randomly chosen plate was implanted into each tibia. At 4, 8, 16 and 26 weeks after implantation, the rabbits were euthanatized with an overdose of intravenous pentobarbital sodium. Eight implants were used per experimental condition. Among them, six were used for the detaching test, and the remaining two were used for histological analysis without the detaching test. This study was approved by the Animal Research Committee of the Graduate School of Medicine, Kyoto University, Japan.
Measurement of detaching failure load
Following euthanasia, segments of the proximal tibial metaphyses containing the implanted plates were retrieved and prepared for the detaching test. The bone tissue surrounding the plates was removed with a dental bur so that no anterior bone segment was connected directly to a posterior bone segment (Fig. 1b) . Using an Instron-type autograph (Model 1011, Aikoh Engineering, Nagoya, Japan), traction was applied through hooks holding each bone segment at a cross-head speed of 35 mm/min (Fig. 1c) . Care was taken so that strain was applied perpendicular to the surface of the implant. When the plate became detached from the bone, the load was recorded as the failure load. If the plate was already detached before the test, the failure load was recorded as 0 N. Six samples were analyzed for each type of implant after each implantation period. All data are expressed as mean ± standard deviation (SD) and were analyzed statistically according to the implant type using one-way ANOVA followed by post-hoc test (Tukey-Kramer multiple comparison test). Differences at P \ 0.05 were considered statistically significant.
Histological examination
Two specimens from each group harvested after each time interval were allocated to histological analysis. The segments of the tibiae containing the implanted samples were fixed in 10 % phosphate-buffered formalin for 7 days, and dehydrated in serial concentrations of ethanol (70, 80, 90, 99, 100, and 100 % v/v) for 3 days at each concentration. Some sections with a thickness of 500 lm were cut, bound to a transparent acrylic plate, and ground to a thickness of 40-50 lm. These samples were stained using Stevenel's blue and Van Gieson's picro-fuchsin. Histological evaluation was performed on each stained section using a transmission light microscope (Eclipse 80i, Nikon Co., Japan).
Observation of surfaces after the detaching test
The samples after the detaching test were prepared for analysis of the implant surface. Specimens were washed in sodium hypochlorite solution to remove the soft tissue, fixed in 10 % phosphate-buffered formalin for 3 days, and dehydrated in serial concentrations of ethanol (70, 80, 90, 99, 100, and 100 % v/v) for 1 day at each concentration. The specimens were then soaked in isopentyl acetate solution for 1 day and dried in a critical-point drying apparatus (HCP-2, Hitachi, Tokyo, Japan). They were then coated with carbon and examined using a SEM with an attached energy-dispersive X-ray microanalyzer (SEM-EDX; EMAX-3000, Horiba, Kyoto, Japan).
Observation of surface structure immediately after implantation
Sample groups for examination of surface structure immediately after implantation were chosen on the basis of changes in surface structure after the detaching test. Ti metal plates were inserted into rabbit tibiae as described in Sect. 2.5.1, and then immediately retrieved by cutting the surrounding bone so that no further pressure or friction was applied to the plate surface. The retrieved samples were prepared in the same way as described in Sect. 2.5.4, and the surface was observed using SEM.
Results
3.
1 Changes in the surface structure of Ti metal samples after various treatments Figure 2 shows SEM photographs of the surfaces and cross-sections of the Ti metal plates before and after the chemical and heat treatments. The plates subjected to abrasion alone (group Ab) showed only scratches on the surface, and these scratches became a little dull after heat treatment (AbH). Only the Ti metal phase was detected on Ab by TF-XRD, while rutile of titanium oxide was detected besides the Ti metal phase on AbH.
The acid treatment produced micrometer-scale surface roughness on the plates (MA: shown in Fig. 2) , and subsequent heat treatment did not change the surface structure appreciably (MAH in Fig. 2 ). TF-XRD detected titanium hydride besides the Ti metal on MA, while rutile as well as Ti metal was detected on MAH.
The plates subjected to HCl and heat treatments after the alkali treatment showed nanometer-scale surface roughness which is produced by fine feather-like phases about 1 micrometer thick. HCl concentrations of both 0.5 mM (0.5HCl-H) and 50 mM (50HCl-H) resulted in almost the same surface structure. The crystalline phases detected on 0.5HCl-H and 50HCl-H by TF-XRD were rutile (R) and anatase (A) of titanium oxide besides Ti metal, where the R/A ratio for 0.5HCl-H was much lower than that for 50HCl-H. Table 1 shows the zeta potential of each sample as mean ± SD. For the Ab and MA groups, which were not subjected to heat treatment, the zeta potentials were unmeasurable. This was presumably due to an excessively thin layer of insulating titanium oxide on their surface [16] . The AbH samples, which were heat-treated without being subjected to acid treatment, showed low zeta potentials of around zero, whereas the MAH, 0.5HCl-H and 50HCl-H samples, which had been heat-treated after acid treatment, showed positive zeta potentials. Figure 3 shows SEM photographs of the surfaces of Ti metal samples that had been soaked in SBF for 1 day. No deposit was observed on plates in the Ab, AbH or MA groups, whereas apatite formation was confirmed on plates in the MAH, 0.5HCl-H and 50HCl-H groups, which had been subjected to acid and subsequent heat treatments. The degree of apatite formation on 50HCl-H was greater than that on 0.5HCl-H.
Zeta potential
Apatite formation
Detaching test (failure load)
All of the rabbits tolerated the procedure well. No infection of the surgical site or dislocation of the implants was At 4 weeks, the failure load for MAH was significantly higher than that for Ab (P \ 0.0001), AbH (P = 0.002), MA (P = 0.001), 0.5HCl-H (P = 0.01) or 50HCl-H (P = 0.0005). Except for MAH, no combinations of two groups showed any significant difference in failure load at 4 weeks.
The failure load in the MAH group was significantly higher than that in any other group at 4, 16 and 26 weeks (P \ 0.05). The failure load in the MAH group was also significantly higher than that in the MA group at every time point.
In contrast, the failure load in the Ab group was the lowest among the six groups; however, there was no significant difference between the failure load in group Ab and that in group AbH at any of the time points.
There was no significant difference between the failure loads in the 0.5HCl-H and 50HCl-H groups at any time point. Both the 0.5HCl-H and 50HCl-H groups showed a significantly lower failure load than the MAH group at 4, 8, and 26 weeks.
Histological examination
Representative histological images of each sample group are shown in Fig. 5 (at 4 weeks) and Fig. 6 (at 8 weeks) . In the samples from the MAH, 0.5HCl-H and 50HCl-H groups, new bone had formed in the gap at the implantation site within 4 weeks, and a large amount of new bone was in contact with the surface (Fig. 5) . In the samples from the MA group, a relatively small amount of bone was in direct contact at 4 weeks, as compared with the MAH group. The amount of new bone formation in the gap in the 0.5HCl-H group appeared similar to that in the 50HCl-H group, and the amount of bone in direct contact in the 0.5HCl-H and 50HCl-H groups was relatively small in comparison with the MAH group. The samples in the Ab, AbH and MA groups had an intervening layer of soft tissue between the bone and the implant throughout the examined period.
These histological findings were consistent with the results of mechanical testing. Newly formed bone in the Ab, AbH, and MA groups also seemed to be characterized by haphazard organization of collagen fibers, whereas that in the MAH, 0.5HCl-H and 50HCl-H groups showed a more regular parallel alignment of collagen fibers. This implies that the surface environment of the samples in the MAH, 0.5HCl-H and 50HCl-H groups had more mature bone than the other samples. At 8 weeks, the newly formed bone had become remodeled and exhibited more organized collagen patterns in all samples; however, direct bonding between bone and the Ti plate was sparse in the Ab, AbH and MA groups (Fig. 6 ). Although at 8 weeks the samples in the 0.5HCl-H and 50HCl-H groups showed bone-bonding, that in the MAH group was more robust. At 16 and 26 weeks, the new bone had become more organized and remodeled in all of the groups.
Examination of the surface after the detaching test
At 4 weeks after implantation, a considerable amount of mature bone that was well integrated with the rough surface of the Ti plate remained in the MA, MAH, 0.5HCl-H and 50HCl-H groups after the detaching test (not shown in figures), indicating that breakage had occurred in the bone once bone contact had been established. In comparison with the MA, 0.5HCl-H and 50HCl-H groups, the MAH group showed a larger amount of bone on the surface. On the other hand, in the Ab and AbH groups, only a small amount of residual bone was evident on the surface of the implant after the detaching test. On the surface of the plates subjected to 0.5HCl-H and 50HCl-H treatment, breakage of the surface layer and subsequent exposure of the substrate were observed after the detaching test at 4, 8, 16 and 26 weeks after implantation. After the detaching test, a mixture of bone residue, a surface layer with a nanometer-scale network structure, and the bare titanium substrate were partly evident on the surface of 0.5HCl-H plates (Fig. 7) . The appearance of the plates at 4, 8, 16 and 26 weeks did not differ markedly. In the MA and MAH groups, no breakage was observed in the surface layer, and the rough structure of the surface layer remained unchanged at all time points after implantation. Similarly, the plates in the Ab and AbH groups showed no breakage in the surface layer at any time point after implantation. Consistent with this finding, observation of the bony surface after the detaching test demonstrated no Ti metal layer in the Ab, AbH, MA and MAH groups, indicating that the rough surface structure formed in the MA and MAH groups by mixed acid treatment was strong enough to withstand the detaching loads.
Observations of other parts of specimens in the 0.5HCl-H and 50HCl-H groups revealed a different form of change in the surface structure. Figure 8 shows that after the detaching test the fine network present before implantation was extensively lost in the 0.5HCl-H group, and a similar change was also evident on Ti plates in the 50HCl-H group.
Surface structure immediately after implantation
The surface structures of two groups (0.5HCl-H and 50HCl-H) were examined immediately after implantation using SEM. The surface structure of a MAH plate immediately after implantation was also observed as a control.
The surface structure of plates in the 0.5HCl-H group immediately after implantation (Fig. 9 ) appeared collapsed and leveled, being very similar to that observed after the detaching test at 4 weeks (Fig 8b) , and to the surface structure seen in the 50HCl-H group immediately after implantation (not shown in figures). The surface structure of plates in the MAH group remained unchanged after implantation.
Discussion
It was apparent from the results of the detaching test and the histological observations described above that Ti metal that had been subjected to abrasion alone showed extremely low bone-bonding ability even at 26 weeks after implantation. Simple heat treatment did not confer any appreciable increase in bone-bonding ability even at 26 weeks after implantation. Also, acid treatment resulted in no significant increase of bone-bonding ability at 8 weeks after implantation, although a slight increase was evident beyond 16 weeks. In contrast to these treatments, acid and heat treatments increased bone-bonding ability markedly as early as 4 weeks after implantation, and this increased with time. This marked increase in the bone-bonding ability of Ti metal resulting from acid and heat treatment might have been attributable to apatite formation on its surface in the living body. As shown in Fig. 3 , Ti metals subjected to abrasion alone, heat treatment alone or acid treatment alone did not form apatite on its surface in SBF, whereas that subjected to both acid and heat treatment formed apatite on its surface within one day. This indicates that the former three kinds of Ti metals do not form apatite on their surfaces in the living body, whereas the latter one forms apatite even in the living body, as is the case for bioactive ceramics such as Bioglass, glass-ceramic A-W and sintered hydroxyapatite [15] . It is expected that Ti metal, which forms apatite on its surface in the living body, would be able to bond to living bone through the apatite, as is the case for the bioactive ceramics described above [15] . The slight increase in the bone-bonding ability of Ti metal subjected to acid treatment alone at a later stage after implantation might be attributable to some form of transformation of the surface structure to induce apatite formation. On its surface. However, it should be noted that treatment with both acid and heat was much more effective for achieving strong bonding of Ti metal with living bone (see Fig. 4 ), as well as for forming mature bone on Ti metal (see Fig. 6 ), than simple acid treatment alone.
Ti metal that has been subjected to acid treatment alone has been used clinically for dental implants, as it shows good osseointegration through its micrometer-scale surface roughness [24] [25] [26] [27] [28] . The present results show that if acidtreated Ti metal is subjected to subsequent heat treatment, it integrates better with the surrounding bone and provides more stable fixation. The results of the detaching test and histological observations described above suggested that HCl and heat treatments of Ti metal after NaOH treatment also conferred high bone bonding ability, irrespective of the HCl concentration. This high bone-bonding ability might also be attributable to apatite formation on the surface of Ti metals subjected to HCl and heat treatments after NaOH treatment, since these Ti metals form apatite on their surfaces in SBF, as shown in Fig. 3 .
However, if bone-bonding ability is determined by apatite-forming ability, then Ti metal subjected to treatment with 50 mM HCl after NaOH treatment would be expected to have bone-bonding ability as high as that of Ti metal subjected to the mixed acid and heat treatments, and higher than that of Ti metal subjected to treatment with 0.5 mM HCl after NaOH treatment, since the former showed apatite-forming ability as high as that of Ti metal subjected to the mixed acid and heat treatments, and higher than that of Ti metal subjected to treatment with 0.5 mM HCl after NaOH treatment (see Fig. 3 ). In fact, the failure load of the former Ti metal was lower than that of Ti metal subjected to the mixed acid and heat treatment and almost equal to that of Ti metal subjected to treatment with 0.5 mM HCl (see Fig. 4 ). This could be interpreted in terms of the difference in surface structure between Ti metal simply treated with acid and heat and that subjected to treatment with acid and heat after NaOH treatment.
As can be seen in Fig. 2 , Ti metal simply subjected to acid and heat treatment had a dense and rough top surface structure, whereas Ti metals subjected to acid and heat treatments after NaOH treatment had a less dense structure about 1 micrometer thick consisting of feather-like phases near the surface, irrespective of the HCl concentration employed. As a result, the surface structure of the latter Ti metal might tend to be partly destroyed during implantation into a hole created in bone, thus decreasing its apatiteforming ability, whereas the surface structure of the former Ti metal is retained even after implantation. Figures 7, 8 , and 9 clearly show that the surface structure of the Ti metals subjected to acid and heat treatments after NaOH treatment was, in fact, partly destroyed after implantation, whereas that of the Ti metal simply subjected to acid and heat treatment was not.
It can be seen from Fig. 3 that Ti metal subjected to acid and heat treatments acquires high apatite-forming ability irrespective of whether it has been previously subjected to NaOH treatment. This high apatite-forming ability cannot be attributed to a specific crystalline phase on the surface of the Ti metal, since the rutile phase of titanium oxide detected on the surface of the Ti metal can also be detected after simple heat treatment, which does not lead to apatite formation. Specific surface roughness is also not responsible for apatite formation, since the surface structure differs considerably between Ti metal subjected simply to acid and heat treatment and that subjected to treatment with acid and heat after NaOH treatment, as described above.
All of the Ti metal subjected to acid and heat treatments exhibited high positive surface charges, as shown in Table 1 . Therefore, their high apatite-forming abilities might be attributed to their high positive surface charges. The reasons why Ti metal subjected to acid and heat treatment acquires a highly positive charge in the living (a) (b) Fig. 9 SEM photographs of the surfaces of 0.5HCl-H and MAH samples retrieved immediately after implantation into the tibia. a 0.5HCl-H: the nanometer-scale network has been leveled and has disappeared. b MAH: the micrometer-scale surface structure remains unchanged body, and the process of apatite formation on such positively charged Ti metal, have already been discussed elsewhere [16, 17, 29] .
Summary
The bone-bonding properties of Ti metal subjected to various surface treatments were examined by mechanical detaching test and histological observation after implantation into rabbit tibiae for various periods ranging from 4 to 26 weeks. The following findings were obtained.
1. The bone-bonding ability of Ti metal, which is extremely low as it is abraded, is hardly increased by simple heat treatment at 600°C or by mixed-acid treatment, at least at an early stage after implantation, whereas it is markedly increased by the heat treatment after the acid treatment, even at an early stage after implantation. 2. Even Ti metal that has been previously subjected to NaOH treatment shows considerably high bone-bonding ability after subsequent acid and heat treatments. 3. The high bone-bonding ability of Ti metal subjected to the acid and heat treatments can be attributed to its high apatite-forming ability in the body environment. 4. The high apatite-forming ability of Ti metal that has been subjected to the acid and heat treatments is attributable to high positive surface charges, and not to the type of crystalline phase or specific roughness of the surface.
These results show that acid treatment and subsequent heat treatment is an effective approach for increasing the bone-bonding ability of Ti metal, thus conferring stable fixation on Ti metal implants.
